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The terrestrial record of former southern hemisphere ice masses has been used to assess 22 inter-hemispheric synchroneity of glacial advance and retreat (Sugden et al., 2005) and how 23 climatic forcing, such as changes in the Southern Westerly Winds (Figure 1 ), triggered ice 24 growth or decay through time. Patagonia is an ideal location for such records because it 25 spans a large latitudinal range and exhibits well-preserved glacial geomorphology reflecting 26 former advances of the Patagonian Ice Sheet (Clapperton, 1993; Rabassa, 2008; Sugden et 27 al., 2005) . However, coupling glacial reconstructions with robust chronologies can be 28
challenging. 29
The established model for the timing of glaciations in this region is that, following the 1.1 Ma 30
Greatest Patagonian Glaciation (Caldenius, 1932; Mercer 1983) , ice lobes oscillated in 31 unison, creating a pattern of 'nested' glacial limits resulting from a series of progressively 32 less-extensive glaciations throughout the Quaternary (Coronato et al., 2004) . Chronologies 33 from northern Patagonia have demonstrated such a pattern (Hein et al., 2009 (Hein et al., , 2011 Kaplan 34 et al., 2005 Kaplan 34 et al., , 2009 Singer et al., 2004) , but the timing of glacial advances in southernmost 35
Patagonia is more conjectural. On Tierra del Fuego, moraines hypothesised to have been 36 deposited during MIS 12 (ca. 450 ka) and MIS 10 (ca. 350 ka) have been dated using 37 cosmogenic nuclide exposure dating of erratic boulders and yielded dates ranging from 15 to 38 224 ka, and centred around ca. 21 ka, similar to the LGM limit ( Figure 1 ; Evenson et al., 39 2009; Kaplan et al., 2007) . It has been suggested that this could be due to intense post-40 depositional exhumation and erosion of the boulders from MIS 12/10 limits (Kaplan et al., 41 2007) , but an alternative hypothesis, suggested here, is that the dates are closer to the true 42 age of the glacial advance whereby, following the Greatest Patagonian Glaciation, the ice 43 lobe was most extensive during the last glacial cycle . 44
In this study, we test these two opposing hypotheses using a new method that can account 45 for post-depositional processes. Specifically, Hein et al. (2009) 
demonstrated that 46
relating to the San Sebastián glacial limit (Filaret profile) and the Río Cullen glacial limit 128 (Cullen profile). The surfaces of these units possessed a well preserved morphology (e.g. 129 braided meltwater channels), graded directly to the moraines of the drift limit, and showed no 130 evidence of post-depositional reworking. Consequently, they are ideal locations for dating 131 using outwash depth-profiles (Hein et al., 2009 (Hein et al., , 2011 . 132
The depth profiles were sampled from exposures within small, contemporary road-side 133 quarries. These were cleared and logged, exhibiting sediments ranging from silts to cobbles 134 of various mixed lithologies ( Figure 3 and see Supplementary Material). Our field 135 observations suggested that each outwash terrace accumulated continuously as a discrete 136 deposit associated with the meltwater issuing from the nearby glacial limit. Both were 137 covered in low grass and were capped by brown, silty, poorly-developed soils up to ~ 25 cm 138 deep. Each contained a single outwash unit of silts, sands, gravels and cobbles at various 139 grades, but with no obvious signs that their source had changed over time. There were no 140 frost wedges within the sediments and no clear signs of cryoturbation or pedogenic 141 carbonate formation. Depths through the outwash were measured with a tape measure from 142 the surface and were demarcated for sampling using a spirit level and spray-paint. We 143 followed Hein et al. (2009) in collecting depth and surface samples to allow modelling of 144 cosmogenic 10 Be and 26 Al accumulation to give a most probable unit age, whilst constraining 145 inheritance and post-depositional surface erosion. 146
Small (ca. 6 cm) quartz cobbles embedded within the outwash surface in the vicinity of the 147 exposures were sampled, crushed whole, and analysed individually as independent 148 estimates of surface exposure time. We also collected ~ 1 kg samples of mixed lithology 149 pebbles (>0.5 cm and <4 cm) at 25 cm depth intervals (depth error ≤4 cm), including a 150 sample at the base of the section to help calculate inheritance in the profile. Each depth 151 sample was amalgamated and analysed for 10 Be and 26 Al concentrations. One sample 152 8 (FP025cs) consisted half of sand matrix due to insufficient clasts at that depth. In both 153 profiles the lowermost sample consisted of two separate depth samples combined (i.e. an 154 unprocessed weight of ~ 2 kg) due to insufficient quartz; hence the apparent thickness 155
represented by these samples is greater. Detailed sample information is given in Table 1 . 156
The nuclide concentration data from the depth profile samples were modelled to yield most 157 probable age, erosion rate and inheritance estimates for the outwash unit. For consistency, the time-dependent scaling scheme of Lal (1991) and Stone (2000) was 187 used in surface sample age calibrations and recalibrations of published data. Likewise, the 188 production rate of Putnam et al. (2010) Al measurements, given that it is now in common use in Patagonia and the 190 southern hemisphere and that it overlaps at 1σ with an independent production rate from 191
Lago Argentino in Patagonia (Kaplan et al., 2011) . We assessed the implications of choosing 192 this production rate and scaling scheme combination using our surface sample ages 193 calculated using the New Zealand production rate and the Lal (1991) and Stone (2000) time-194 dependent scaling scheme. The global production rate gave ages <17% younger than our 195 ages (irrespective of scaling scheme) but the Patagonian production rate gave ages <6% 196 older or younger than our ages (irrespective of scaling scheme) or <5% older or younger 197 when the same scaling schemes were compared. Using the New Zealand production rate, 198 altering the scaling scheme resulted in <3% older or younger ages. Our choice of production 199 rate and scaling scheme does not alter our conclusions. Balco et al., 2008) . We assumed a 205 density of 2.7 g cm -3 (equivalent to the density of pure quartz) and used a standard, excess 206 thickness of 6 cm for all samples to correct for self-shielding. Topographic shielding was 207 measured in the field using an abney level but this correction was minimal (scaling factor 208 >0.999999). Present day snow and vegetation cover is thin, and is unlikely to have 209 increased significantly during glacial times, so no correction was applied for shielding by 210 snow cover or vegetation. Likewise, no erosion correction was applied given that the quartz 211 cobbles showed no significant signs of surface erosion. As a result of these assumptions, 212 the ages should be considered minimum estimates. 213
Depth profiles 214
The concentration data from the depth samples were modelled using Hidy et al. (2010; Be exposure ages range from 23.7 to 43.2 ka (Table  249 2). The oldest sample (CPSS5) yielded a 26 Al/ 10 Be ratio below the steady state erosion 250 island, indicating a complex exposure-burial history (Figure 4 
Depth profile modelling 255
There is a paradox involved in modeling cosmogenic nuclide depth profiles. Often, 256 parameters are unknown, but models require some constraint to produce an age. In theory, 257 very wide, even unrealistic, parameters will yield the most reliable estimates of age, erosion 258 rate and inheritance. However, the wider the constraints, the slower the model will run (if at 259 all) and the wider the resulting error ranges. Consequently, a balance must be found 260 between applying constraints to aid modeling and not inadvertently constraining the age, 261 erosion rate and inheritance without good reason. In this section, we outline the conservative 262
constraints that we applied to the Hidy et al. (2010) model. We present χ 2 sensitivity tests to 263 check that the model output was not inadvertently affected and discuss where there is good 264 reason to apply constraint based on a priori knowledge. Model parameters are given in 265 Table 3 and a summary of the 10 Be depth profile results is given in Table 4 , with detailed 266 results in the Supplementary Material. 267
Sensitivity tests 268 χ
2 sensitivity tests were conducted whereby broad model parameters were used (Table 3) Information for sensitivity results). Importantly, the controlling parameters only reduced the 271 χ 2 maximum age, and did not significantly affect the χ 2 optimum or minimum age estimates. 272
The sensitivity tests demonstrated that there were three model parameters which controlled 273 the χ 2 maximum ages: maximum total erosion, maximum age, and inheritance. Of these, the 274 maximum total erosion is the key determinant given that maximum age can be constrained 275 to ca. 1100 ka by independent dating of the Greatest Patagonian Glaciation across 276
Patagonia (Meglioli, 1992; Singer et al., 2004) and inheritance can be constrained using the 277 deepest samples. The maximum total erosion parameter differs from the erosion rate 278 parameter in that the former is a threshold depth of erosion which the model is not permitted 279 to exceed, regardless of the erosion rate or age of the sedimentary unit. 280 it is an important age determinant in profile modelling, especially as most models behave 283 according to the time-averaged density, rather than the present density (Rodés et al., 2011) . 284
We ran sensitivity tests with very wide constraints (between 1 and 3 g cm -3 ) and then used 285 the change in maximum age outputs to constrain values slightly, though these were still 286 extremely conservative given the nature of the sediments (between 1 and 2.7 g cm -3
). 287
Inheritance 288
Inheritance was essentially unknown. We ran sensitivity tests to assess the effect of 289 inheritance on maximum age outputs and then selected wide constraints. Given that we had 290 deep samples in both profiles, we could also back-check the modelled inheritance in all 291 model runs with the deep-sample nuclide concentrations. In all cases, our maximum 292 inheritance parameters were well in excess of the measured deep nuclide concentrations. 293
Age limits 294
Initial modelling in conjunction with the Rodés et al. (2014) model gave maximum ages far 295 older (5000 ka for the Filaret profile and 4000 ka for the Cullen profile) than the known age of 296 the Greatest Patagonian Glaciation at 1100 ka (Meglioli, 1992; Singer et al., 2004) . We used 297 these extreme upper limits for sensitivity tests and then took 1100 ka as a more reasonable, 298 but still highly conservative, maximum age limit for all other modelling. We applied no lower 299 age limit during sensitivity tests, but then used an age of 14.3 ka for all other modelling. This 300 is from a well dated Reclus tephra layer, known to have been deposited after the deposition 301 of the gLGM glacial limit close to Bahía Inútil (McCulloch et al., 2005b; Wastegård et al., 302 2013) and is only used to prevent a stratigraphic age reversal for the Cullen profile due to it 303 containing fewer depth samples. Again, this is highly conservative, particularly as 304 radiocarbon dating by Hall et al. (2013) suggested that ice had retreated into the fjords of 305 Cordillera Darwin by ca. 16.8 ka. 306 age determination (the maximum total erosion was always more important, see following 309 sections), so we selected broad constraints throughout the model runs. 310
Maximum total erosion 311
The maximum total erosion is the total amount of surface erosion that the model will allow, 312 and may limit the erosion rate over time if the threshold is low but the erosion rate is high. 313
Sensitivity tests showed that the maximum total erosion strongly affected age outputs, but is 314 an unknown. It was, therefore, the key determinant in constraining maximum modelled age. 315
Approach to modelling 316
To provide the most reliable estimates of age, erosion rate and inheritance from the depth 317 profile modelling, we ran three models for each profile. Firstly, we ran the model 318 'unconstrained' using very wide parameter values from the χ 2 sensitivity tests. All of these 319 parameters were essentially unrealistically wide (e.g. up to 100 m of erosion and 2.7 g cm -3 320 density) but this was useful to gauge if constraining the maximum total erosion altered the 321 age results. Next, we constrained the maximum total erosion to 4 m to test whether there 322 had been significant surface deflation similar to the moraine exhumation of Kaplan et al. 323 (2007) , and then 0.5 m, which is more likely given field observations of preserved 324 geomorphology and the tight clustering of surface cobble ages. 325
Total erosion of the profile is a key parameter, and modelling shows that a minimum of ~4 m 326 of moraine exhumation is required to have artificially reduced the ages of corresponding 327 moraine boulders (Kaplan et al., 2007) . However, a maximum of 0.5 m of outwash surface 328 deflation is more likely given: (1) samples yield apparent mean ages of 27.2 ± 3.7 ka for the Río Cullen limit and 25.9 ± 1.3 for 356 the San Sebastián limit, which suggests that there has not been substantial deflation of the 357 outwash surfaces that would otherwise result in a scatter of ages. Moreover, the depth 358 erosion (Kaplan et al., 2007) . Rather, we show that the Río Cullen and San Sebastián limits 361 were deposited during the last glacial cycle (MIS 4-2), with optimum ages during MIS 3. 362
These new constraints radically alter the glacial chronology of the BI-SSb lobe and 363 demonstrate that it was more extensive during the last glacial cycle, but prior to the gLGM. 364
As noted, high moraine exhumation and boulder erosion rates have been invoked to suggest 365 that exposure ages from moraine boulders on these glacial limits underestimated their age 366 (Kaplan et al., 2007) . Our data suggests surface deflation rates of 48.7 mm ka -1 and 0.59 367 mm ka -1 for the Río Cullen and San Sebastián outwash, respectively. The former is relatively 368 high because the age and erosion rates are not well constrained, which is due to fewer 369 samples and our conservative modelling constraints. In contrast, the San Sebastián outwash 370 age and deflation rate estimates are well-constrained. Crucially, all modelled erosion rates 371 are substantially lower than those required for the limits to be hundreds of thousands of 372 years old (Meglioli, 1992) , and the close agreement of the depth and surface ages suggests 373 that deflation has not substantially lowered our ages. 374
Geomorphic considerations 375
Our modelling does not support erosion rates consistent with the loss of metres of surface 376 sediment that might be expected if significant deflation of the outwash surface has occurred. 377
However, our erosion rates are assumed to be steady over time, and do not consider rapid, 378 episodic erosion (Kaplan et al., 2007) . There are three reasons why we believe that high 379 rates of episodic exhumation and erosion has not occurred. First, mass stripping of the 380 outwash surfaces should have caused deflation of surface cobbles. However, the surface 381 cobble sample ages are relatively tightly clustered, suggesting that surface deflation is 382 unlikely ( Figure 5 ). Our sensitivity tests showed that a maximum χ 2 age of 350 ka (MIS 10) 383 for the Filaret profile required ~ 6.4 m of erosion and a maximum χ 2 age of 450 ka for the 384 Cullen profile required ~ 17 m of erosion. This is unlikely given the tight clustering of surface 385 erosion of the moraine boulders would likely have destroyed the glacial geomorphology, 387 including the kettle kame topography and braided meltwater channels on the outwash plains. 388
The preservation of geomorphology suggests that this was not the case. Finally, intense 389 erosion to artificially reduce the ages of the exhumed moraine boulders associated with the 390 San Sebastián and Río Cullen glacial limits should also have affected boulders associated 391 with the Bahía Inútil glacial limit. However, the Bahía Inútil limit is independently dated to the 392 gLGM using other dating techniques and the Bahía Inútil boulders yield consistent 393 cosmogenic nuclide ages. It is possible that intense erosion only took place during a short 394 period after exhumation of the San Sebastián and Río Cullen boulders and before the gLGM 395 and deposition of the Bahía Inútil boulders (Kaplan et al., 2007) , but that still does not 396 account for the preservation of the other glacial geomorphology. 397
Comparison to other glacial chronologies 398
Our BI-SSb chronology is unusual because none of the preserved glacial limits of the BI-SSb 399 lobe pre-date the last interglacial (MIS 5) and two major limits were deposited during MIS 3, 400 ~ 100 km beyond the gLGM limit (Figure 1 ; Kaplan et al., 2008; McCulloch et al., 2005b) . 401
The precise extent of the offshore limits is unclear (Figure 1 ; depth samples density is constrained during modelling. Be dates from boulder trains (McCulloch et al., 2005b; Kaplan et al., 2007 Kaplan et al., , 2008 633 Evenson et al., 2009) , and the Filaret and Cullen depth profiles from this study are labelled. 634
28
The Bahía Inútil drift (4) correlates with the gLGM. (D) Previously published 10 Be moraine 635 boulder exposure dates from the study area, shown as cumulative probability density 636 function plots and as data points with associated errors, recalculated using the New Zealand 637 production rate (Putnam et al., 2010) . Graphs are labelled according to drift limits in C, along 638 with the published hypothesised MIS age and the number of samples. One additional 639 exposure date for limit 2 is 224 ± 7 ka. 
